Ribonucleases with antitumor activity are mainly found in the oocytes and embryos of frogs, but the role of these ribonucleases in frog development is not clear. Moreover, most frog ribonuclease genes have not been cloned and characterized. In the present study, a group of ribonucleases were isolated from Rana catesbeiana (bullfrog). These ribonucleases in mature oocytes, namely RC-RNase, RC-RNase 2, RC-RNase 3, RC-RNase 4, RC-RNase 5 and RC-RNase 6, as well as liver-specific ribonuclease RC-RNase L1, were purified by column chromatographs and detected by zymogram assay and western blotting. Characterization of these purified ribonucleases revealed that they were highly conserved in amino acid sequence and had a pyroglutamate residue at their N-termini, but possessed different specific activities, base specificities and optimal pH values for their activities. These ribonucleases were cytotoxic to cervical carcinoma HeLa cells, but their cytotoxicities were not closely correlated to their enzymatic specific activities. Some other amino acid residues in addition to their catalytic residues were implicated to be involved in the cytotoxicity of the frog ribonucleases to tumor cells. Because the coding regions lack introns, the ribonuclease genes were cloned by PCR using genomic DNA as template. Their DNA sequences and amino acid sequences are homologous to those of mammalian ribonuclease superfamily, ∼50 and ∼25%, respectively.
INTRODUCTION
Ribonucleases are widely found in living organisms and have been suggested to be involved in RNA metabolism and regulation of gene expression (1) . Several abundant ribonucleases have been isolated from tissues of various animals and have been well characterized. For example, ribonucleases have been purified from various bovine tissues, i.e. pancreas, liver, kidney, brain and seminal fluids. RNase A from bovine pancreas has been extensively characterized and is widely used in molecular biology (2) . In humans, several ribonucleases have also been isolated, such as RNase 1 (human pancreatic RNase), RNase 2 (eosinophil-derived neurotoxin), RNase 3 (eosinophil cationic protein), RNase 4, RNase 5 (angiogenin) and RNase 6 (k6) (3) . The occurrence of several homologous ribonucleases in different tissues of the same animal suggests that the existence of a family of homologous genes expresses in a tissue-specific fashion. Although these ribonucleases are abundant in some tissues and well characterized biochemically, their biological importance is still not clear (4, 5) . Recently, several proteins with known biological activities were found to have intrinsic ribonucleolytic activity, which is essential for the biological activities of the majority of these proteins. For example, angiogenin possesses both angiogenesis and ribonucleolytic activities (6) . Eosinophil-derived neurotoxin and eosinophil cationic protein exert both neurotoxicity and ribonucleolytic activities (7, 8) . The S-RNases from the pistils of some flowering plants are involved in self-incompatibility through the degradation of ribosomal RNA of pollen tubes (9) . Bovine seminal ribonuclease, a homodimer with two identical 124 amino acid residue subunits, exerts both antitumor and ribonucleolytic activities (10) . However, most mammalian ribonucleases are not cytotoxic to tumor cells because they are recognized and inhibited by specific mammalian ribonuclease inhibitors (11) .
Several oocyte ribonucleases from frog Rana spp. possess cytotoxicity toward tumor cells. Onconase, isolated from the oocytes of Rana pipiens, combined with tamoxifen or doxorubicin, is currently being evaluated in human phase III clinical trials for tumor therapy, and it is approaching maturity as a member of the arsenal of anticancer drugs (12) . The sialic acidbinding lectin from the eggs of Rana catesbeiana (bullfrog) and Rana japonica exerts agglutination activity toward tumor cells (13) . RC-RNase isolated from the oocytes of R.catesbeiana is identical to the sialic-acid-binding lectin and is also cytotoxic to several tumor cell lines (14) (15) (16) .
There are several notable differences between frog and mammalian ribonucleases in addition to frog ribonucleases' antitumor activity (17) . First, the RNA substrate specificity of frog ribonucleases is pyrimidine-guanine and that of mammals is pyrimidine-adenine. Second, the ribonucleases from frogs are resistant to the ribonuclease inhibitor from human placenta, whereas those of mammals are susceptible to the inhibitor. Third, the location of the fourth disulfide bridge of frog ribonucleases is different from those of mammalian ribonucleases. Fourth, the abundance of ribonucleases in frog is present in oocytes and embryos but not in other organs (17) . Although frog ribonucleases have novel properties compared with mammalian ribonucleases, the biologically functional differences between them are not well studied. To elucidate the functional roles of ribonucleases in frog development and to explore their potential applications in tumor therapy, in the present study we isolated a group of ribonucleases and cloned the gene family from bullfrog. We found that these purified ribonucleases exert cytotoxicity toward HeLa cells and that their cytotoxicity does not closely correlate to their specific activity. Due to the lack of introns in the coding regions, we cloned the ribonuclease genes from genomic DNA for the analysis of amino acid residues involved in the specific biological functions.
MATERIALS AND METHODS

Purification of ribonucleases from oocytes
Native bullfrogs (R.catesbeiana) were obtained from a local frog farm. The purification of oocyte ribonucleases was carried out at 4°C. Mature ovaries (60-100 g per frog) from mature female bullfrog were subjected to ultracentrifugation for 45 min at 100 000 g using a Beckman SW41 rotor. The yolk granules containing the majority of ribonucleases in the pellet were extracted by NaCl as described previously (14) . The clear supernatant was applied onto a phosphocellulose column and eluted with a 0.09-0.7 M KCl gradient in buffer A (19 mM HEPES, pH 7.9, 0.1 mM EDTA). The fractions containing ribonucleases were identified by zymogram and western blotting, then collected and loaded onto subsequent column chromatographs and eluted with salt gradients in buffer A as demonstrated in Figure 1B . Total protein obtained from each purification step was determined by the Bradford method (18) . Protein components were analyzed by 13.3% SDS-PAGE and Coomassie Brilliant blue R staining (19) . For western blotting analysis, the membrane with transferred proteins was blocked by 5% skim milk in phosphate-buffered saline and incubated with rabbit anti-RNase antiserum (1:1000 dilution, prepared in this laboratory) and goat anti-rabbit antibodies conjugated with alkaline phosphatase. Ribonucleases were visualized by the addition of a bromochloroindolyl phosphate/nitro blue tetrazolium substrate (16) . The amounts of purified ribonucleases on Coomassie blue-stained gels were estimated using bovine pancreatic RNase A as a standard.
Amino acid sequence analysis and mass spectrometry
Purified RC-RNase, RC-RNase 2 and RC-RNase 3 were reduced with dithiothreitol and S-carboxymethylated with iodoacetate (20) . These modified proteins were then cleaved with cyanogen bromide in 70% formic acid at room temperature and purified by reverse-phase HPLC on a column of Vydac C18 before sequence analysis (21) . The purified RC-RNase 4, RC-RNase 5 and RC-RNase 6 were directly cleaved with cyanogen bromide in 70% formic acid, separated by SDS-PAGE and transferred to ProBlot™ Membranes (Applied Biosystems) for sequence analyses. For the determination of N-terminal amino acid sequences, the purified proteins were incubated with pfu pyroglutamate aminopeptidase (TaKaRa Biomedicals, Japan) at 70°C for 4 h to remove N-terminal pyroglutamate before sequence analysis. Automated Edman degradation was performed on a Gas/Liquid Phase Model 470A/900A sequencer (Applied Biosystems) equipped with an on-line Model 120A phenythiohydantoin-amino acid analyzer (21) . The mass spectrometry analyses of ribonucleases were performed on a VG Quatoo-Bio-Q (Fisons Instruments, UG Biotech, Altrincham, UK), a triple quadrupole instrument with a mass range for singly charged ions of 4000 (22) .
Ribonuclease activity assay
The ribonuclease activity of column fractions was determined by the ability for dinucleotide CpG cleavage, followed by thin layer chromatography (PEI-cellulose F Merck, Darmstadt, Germany) and UV illumination at 254 nm (23) . The ribonuclease activity of each purified ribonuclease was determined by the release of acid-soluble nucleotides from bakers' yeast total RNA after ribonuclease digestion. One unit of enzyme activity is defined as the amount of enzyme producing 1 U A 260 acidsoluble material at 37°C for 15 min (23) . The ribonuclease activity of the column fraction was also analyzed by zymogram assay on RNA-casting PAGE (24) . Briefly, after electrophoresis the gel was washed twice with 25% isopropyl alcohol in 10 mM Tris-HCl, pH 7.5, to remove SDS for protein renaturation. The activity was visualized by incubating the gel at room temperature for 30 min in 10 mM Tris-HCl, pH 7.5, followed by 0.2% toluidine blue O staining.
Nucleotide base specificity of ribonuclease
The specific cleavage sites of ribonucleases were determined by incubation of ribonucleases with 5′-32 P-labeled synthetic 18mer RNA with known sequence, 5′-AAGGUUAUCCG-CACUGAA-3′, followed by denaturing gel electrophoresis and autoradiography (25) . The k cat /K m of ribonucleases toward dinucleotides CpG, UpG and UpU was performed as follows. Briefly, dinucleotides were digested with ribonucleases at 37°C for 10 min in buffer containing 100 mM Mes, pH 6.0, 50 mM NaCl, 0.1 mg/ml bovine serum albumin and separated by reverse-phase HPLC using 1-5% acetonitrile (depending on products) in 0.1% TFA on a column of Vydac C18 with a Waters automated gradient controller.
cDNA cloning of upstream region of ribonuclease genes
Total RNA from bullfrog liver was isolated by the acid guanidinium thiocyanate/phenol/chloroform method (26) . Briefly, 0.5 g of liver was frozen in liquid nitrogen and then ground by mortar. The powder was dissolved in guanidinium thiocyanate. After phenol/chloroform extraction, the RNA was precipitated with ice-cold isopropyl alcohol. Purification of mRNA (100 µg in total) was performed using a Quickprep Micro mRNA Purification Kit from Pharmacia Biotech (Uppsala, Sweden). The synthesis of double-stranded cDNA was performed using a Marathon™ cDNA Amplification Kit from Clontech (Palo Alto, CA) according to the manufacturer's instructions. Adaptor (Ap1,2) containing oligonucleotides Ap1 and Ap2 was ligated to the 5′ end of these cDNAs.
Genomic DNA cloning of the downstream region of ribonuclease genes by Genome Walker
The g-DNA from blood cells was extracted by QIAamp Blood Kit (Qiagen, Hilden, Germany) and digested with EcoRI and filled in by Klenow DNA polymerase. The genomic DNA fragments ranging from 500 to 1000 bp were eluted and ligated with Genome Walker Adaptor Ap3,4 (Clontech Universal Genome Walker™ Kit).
Cloning of full-length bullfrog ribonuclease gene family
To clone the bullfrog ribonuclease gene family, degenerated primers (Perkin Elmer, Branchburg, NJ) were designed based on the highly conserved regions of the N-and C-terminal amino acid sequences of the frog ribonuclease including RC-RNase, onconase and lectin from R.japonica, liver ribonuclease from bullfrog, and from the DNA sequence of the RC-RNase gene (16) . A 320 bp DNA fragment was amplified from genomic DNA by PCR and ligated to pGEM-T vector (Promega, Madison, WI). The cycle protocol for PCR was as follows: 95°C for 5 min; 30 cycles of 95°C for 40 s, 55°C for 40 s and 72°C for 2 min; 72°C for 2 min. RC-RNase 2 and RC-RNase 3 gene fragments were obtained from these clones.
The upstream region of the RC-RNase 2 gene was obtained from the above-metioned adaptor Ap1,2-tagged c-DNA by Nest PCR using oligonucleotides Ap1 and Ap2, and oligonucleotide from RC-RNase 2 internal DNA sequence as 5′ and 3′ end primers, respectively. The putative signal peptide sequences were included in these clones.
The downstream region of the RC-RNase 3 gene was obtained from Genome Walker adaptor Ap3,4 tagged g-DNA by Nest PCR using oligonucleotides from RC-RNase 3 internal DNA sequence and oligonucleotides (Ap3, Ap4) as 5′ and 3′ end primers, respectively. The full length members of the ribonuclease gene family, named rcr2, rcr3, rcr4 and rcr6 were obtained from bullfrog genomic DNA by PCR using oligonucleotide from the putative signal peptide sequence of rcr and rcr2 genes and oligonucleotide from the downstream region of RC-RNase 3 gene as 5′ and 3′ end primers, respectively. The full-length products of the coding region of RC-RNase L1, rcrl1, were obtained using oligonucleotides from abovementioned putative signal peptide sequence and oligonucleotide from the downstream sequence of RC-RNase as 5′ and 3′ primers, respectively.
DNA sequence analysis
DNA sequencing was performed by the dideoxy chain termination method using a d-Rhodamine Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems). The nucleotide sequence was analyzed by a Perkin-Elmer 377 automated DNA sequencer.
Assay of cytotoxicity by ATP Lite-M measurement
ATP is a marker for cell viability because it is present in all metabolically active cells, and the concentration declines very rapidly when cells undergo necrosis or apoptosis. The ATP Lite-M assay system (Packard BioScience Company, The Netherlands) is based on the production of light caused by the reaction of ATP with the added luciferase and D-luciferin. The emitted light is proportional to the ATP concentration and was counted by a Packard Top Count Microplate Scintillation and Luminescence Counter. Briefly, cells (2-5 × 10 3 ) in 96-well plates in 100 µl DMEM were lyzed with 50 µl lysis buffer for 2 min followed by the addition of 50 µl substrate solution for 1 min, then transferred to a dark adapt plate for 10 min before luminescence counting.
Accession numbers
The nucleotide sequences reported in this paper have been submitted to GenBank with accession numbers AF039104 for rcr (RC-RNase), AF242553 for rcr2 (RC-RNase 2), AF242554 for rcr3 (RC-RNase 3), AF242555 for rcr4 (RC-RNase 4), AF242556 for rcr6 (RC-RNase 6) and AF288642 for rcrl1 (RC-RNase L1).
RESULTS
Purification of multiple ribonucleases from mature bullfrog oocytes
To characterize the RC-RNase immunoreactive proteins in the oocytes, which are the most ribonuclease-abundant tissues, the ovary extracts from mature bullfrogs were subjected to column chromatography on phosphocellulose. As shown in Figure 1A , ribonucleases were separated into three groups using KCl salt gradient elution and designated as group I, group II and group III, respectively, based on the elution order of the chromatography using zymogram and western blotting assays. A ribonuclease in group I, namely RC-RNase, was purified to homogeneity by further chromatography on carboxymethyl cellulose. Two ribonucleases in group II, namely RC-RNase 2 and RC-RNase 3, were further purified subsequently by carboxymethyl cellulose column chromatography, heparin Sepharose 4B and blue dextran Sepharose 4B column chromatography. Three ribonucleases in group III, namely RC-RNase 4, RC-RNase 5 and RC-RNase 6, were purified by carboxymethyl cellulose, heparin Sepharose 4B and/or FPLC mono S column chromatographies. Although RC-RNase 5 in column eluates was not detectable on zymogram and western blotting using anti-RC-RNase antibody, it was visible on Coomassie blue stained gel and defined as the ribonuclease family member by amino acid sequencing. The purification scheme is shown in Figure 1B . Approximately 45 mg of RC-RNase, ∼8 mg of RC-RNase 2, ∼20 mg of RC-RNase 3, ∼10 mg of RC-RNase 4, ∼3 mg of RC-RNase 5 and ∼15 mg of RC-RNase 6 were obtained from 10 g of matured ovary. The yield of RCRNase 5 varied depending on the degree of maturation of ovary. The homogeneity of these purified oocyte ribonucleases was determined by SDS-PAGE ( Fig. 2A) . Bovine pancreatic ribonuclease, RNase A, and a liver-specific ribonuclease, RCRNase L1, purified from bullfrog liver using a method similar to that for oocytic ribonuclease purification, were used for comparison. As shown in Figure 2B , most bullfrog ribonucleases except RC-RNase 5 and RNase A were recognized by anti RC-RNase antibody. RC-RNase, RC-RNase 2, RC-RNase 3, RC-RNase 4 and RC-RNase 6 were not recognized by anti RNase A and anti RC-RNase 5 antibodies (data not shown). Based on zymogram assay, RNase A was the most active, then RC-RNase, RC-RNase L1, RC-RNase 4 and RC-RNase 2, in descending order (Fig. 2C) . Table 1 lists the relative specific activities of these purified ribonucleases which were in good agreement with those obtained from zymogram assay with the exception of RC-RNase 2. The low activity of RC-RNase 2 on the zymogram may have been due to inefficient renaturation of the ribonuclease in gel during the assay.
Partial amino acid sequences of purified bullfrog ribonucleases
To further characterize the purified ribonucleases from bullfrog, the N-terminal amino acid sequence was determined by automatic amino acid sequencing. No signal was obtained by Edman degradation except after pfu pyroglutamate aminopeptidase treatment. Therefore, the N-terminal residues of bullfrog oocyte ribonucleases were assumed to be pyroglutamate. The N-terminal amino acid sequences were determined up to 18 residues after the N-terminal pyroglutamate had been enzymatically removed. N-terminal amino acid sequences of CNBrderived fragments of these oocyte ribonucleases, as well as liver-specific RC-RNase L1, were also determined. The amino acid sequences of these ribonuclease fragments including RCRNase5 were homologous to that of bullfrog RC-RNase and were identical to those obtained from respective DNA clones. These results suggest that these ribonucleases are derived from individual members of a gene family, as opposed to being differential posttranslational products of the same gene. It is of importance to note that residue 12 of RC-RNase L1 was Thr rather than Arg as reported by Nitta et al. (27) .
Ribonucleotide base specificity of bullfrog ribonucleases
The base specificity of mammalian ribonucleases is pyrimidineadenine, while that of some known frog ribonucleases is pyrimidine-guanine (12) . As shown in Figure 3 , using a 32 Pend-labeled synthetic oligoribonucleotide as substrate and analyzing by denatured urea-PAGE and autoradiography, the base specificity of RNase A was CpA and UpA, whereas those of RC-RNase L1, RC-RNase and RC-RNase 5 were CpG, UpG and UpU as reported (13, 23) . However, the base preferences of RC-RNase 2 and RC-RNase 4 were UpG and CpG, respectively. Interestingly, the base specificities of RC-RNase 3 and RC-RNase 6 were quite broad because the bonds between CpA, CpU, CpG and UpG were cleaved by these two ribonucleases. These results are in good agreement with the k cat /K m values of those ribonucleases toward dinucleotides CpG and UpG (Table 1) . In some instances, the relative k cat /K m values of ribonucleases for UpU, CpG and UpG did not closely correlate with the results on RNA sequencing gel, e.g. RC-RNase, RC-RNase L1 and RC-RNase 5, because the internal UpU bond of the primary product may have been further cleaved by the same ribonuclease. 
Catalytic properties of bullfrog ribonucleases
Ribonucleases are abundant in oocytes and embryos of bullfrogs, and may be regulated by microenvironments to exert specific functions. Therefore, it was of interest to investigate factors that affect ribonuclease activity. The optimal pH values of RC-RNase 3, RC-RNase 6 and RC-RNase 4 were 4.5-5.0, 5.0-5.5 and 5.5-6.0, respectively, while those of other ribonucleases ranged from 6 to 8.5 (Table 1 ). In general, the optimal pH values of most ribonuclease activity seem broad, yet the optimal pH values of each individual ribonuclease ranged from acidic to basic condition. The optimal temperature of most bullfrog ribonuclease activities was 65°C, whereas that of RNase A and RC-RNase 5 was 50°C (Table 1) . Divalent cations were not required for catalytic activity. Their ribonuclease activities were destroyed by reducing agents, e.g. dithiothreitol and 2-mercapto-ethanol, but were not inhibited by mammalian ribonuclease inhibitor from human placenta (data not shown).
Cloning of bullfrog ribonuclease gene family
On the basis of amino acid sequence homology among Rana spp. frog ribonucleases and the known DNA sequence of the RC-RNase gene (16) , degenerated primers were used to clone ribonuclease fragments of the gene family by PCR using bullfrog genomic DNA as template, based on the lack of introns in Figure 3 . c Relative activities were determined by acid-soluble method in 50 mM sodium acetate (pH 3.5-6.5) and 50 mM Tris-HCl (pH 6.5-9.5). d Relative activities were determined by acid-soluble method in the buffer with respective optimal pH value. the coding region of ribonuclease. Using a combination of 5′-RACE and 3′ Genome Walker, the coding regions of fulllength mature proteins, except RC-RNase 5, in the oocyte ribonuclease family and the liver-specific RC-RNase L1 were cloned. The DNA sequences of pupative signal sequence of RC-RNase, RC-RNase 2 and RC-RNase 4 were obtained. Fragments of the 3′-untranslated regions of the gene family are also obtained. The length of the 3′-untranslated region varied with genes. The DNA sequences of bullfrog ribonuclease coding region were compared with those of mammalian ribonucleases and expressed in a phylogenetic tree as shown in Figure 4 . These ribonuclease genes belong to a distinct class in the ribonuclease gene superfamily and are evolutionarily far from mammalian eosinophil-cationic proteins, angiogenins and pancreatic ribonucleases. As shown in Figure 5 , the deduced amino acid sequences of bullfrog ribonuclease genes were aligned with other frog ribonucleases, e.g. onconase from R.pipiens and sialic acid-binding lectin from R.japonica. Identical and similar amino acid residues are boxed in black and grey, respectively. The N-terminal amino acid residue of bullfrog ribonucleases deduced from DNA sequence was Gln, whereas it was pyroglutamate when obtained according to automatic amino acid sequence analyses, and molecular weight calculations by ANTHEPROT (28) and mass spectrometry analyses ( Table 1 ). The conserved amino acid residues for catalytic activities of the ribonuclease family were marked by asterisks. The identities of both DNA and amino acid sequences of known frog ribonucleases and bovine RNase A were analyzed by pairwise sequence alignment and expressed as percentages as shown in Table 2 . Frog ribonucleases have ∼50% identity in nucleic acid sequence and ∼25% identity in amino acid sequence when compared to bovine RNase A.
Cytotoxicity of bullfrog ribonucleases to HeLa cells
To investigate the potential biological functions of the bullfrog ribonuclease family in embryogenesis, which includes a period of intense proliferation and differentiation, the effects of these ribonucleases on cell cytotoxicity/proliferation were analyzed. The IC 50 of these ribonucleases to human cervical carcinoma (HeLa) cell growth were determined. As shown in Figure 6A and B, RC-RNase (∼0.1 µM) was the most toxic, then in descending order: RC-RNase 5 (∼0.15 µM), RC-RNase 2 (∼0.3 µM), RC-RNase 3, RC-RNase 4, RC-RNase 6 and RCRNase L1 (all ∼1-2 µM). Bovine RNase A was not cytotoxic to HeLa cells even at concentrations up to 8 µM. The IC 50 of (12) ; onconase, the ribonuclease from the oocytes of R.pipiens (12) . The amino acid sequences were analyzed and aligned under the commands of pileup and prettybox in the GCG programs. Asterisks indicate conserved amino acid residues for catalytic activities of ribonuclease superfamily.
RC-RNase to human fibroblast cells WI38 was >128 µM by the same assay condition (data not shown). It is of importance to note that the cytotoxicity of a ribonuclease toward a tumor cell line does not closely correlate with its catalytic activity ( Table 1 ; Figs 2C and 6 ). Therefore, other amino acid residues are likely involved in the cytotoxicity of ribonucleases to HeLa cells in addition to conventional catalytic residues, e.g. His10, Lys35 and His103 of RC-RNase.
DISCUSSION
To date, three oocytic ribonucleases and one liver ribonuclease have been purified from Rana spp. frogs (12) (13) (14) (15) (16) 27) . These ribonucleases are purified by column chromatography and assayed by the catalytic activities of each column eluate. Consequently, only one predominant ribonuclease was purified from each tissue, whereas other ribonucleases were ignored because of their low catalytic activities. In the present study, using both western blotting and catalytic activity assay, we purified four new novel ribonucleases as well as RC-RNase from bullfrog oocytes where these ribonucleases are stored (16, 24) . Conventional column chromatography was employed to purify these abundant ribonucleases to a high purity at a low cost within a short time period. The availability of the newly identified bullfrog ribonucleases would be helpful to the investigation of these ribonucleases as potential agents for tumor therapy, and to the studies of their biological functions and structure-function relationships (29) (30) .
One unique property of frog Rana spp. ribonucleases is the RNA substrate preference for pyrimidine-guanine rather than pyrimidine-adenine. From the analyses of base specificity, specific activity and k cat /K m of bullfrog ribonucleases toward dinucleotides, we found that some ribonucleases possess high specificity as well as strong catalytic activity, e.g. RC-RNase and RC-RNase L1 for CpG and UpG, while some ribonucleases, e.g. RC-RNase 3 and RC-RNase 6, have very weak catalytic activity and low base specificity. Based on the alignment of amino acid sequences of these ribonucleases and information from structural studies by NMR and X-ray crystallography (29) (30) , possible amino acid residues involved in these activities could be investigated. Furthermore, cloning of the bullfrog ribonuclease gene family in this study and site-directed mutagenesis of possible residues will provide valuable information for the study of the special biological properties, e.g. base specificity, catalytic activity as well as cytotoxicity.
The cytotoxicity of RC-RNase to HeLa cells was completely abolished if the catalytic activity was destroyed by H10A and H103A mutations (16) . In contrast, the cytotoxicities of these native oocytic ribonucleases do not closely correlate with their relative catalytic activities. For example, RC-RNase 5 has 5000-fold less catalytic activity than RC-RNase, but they have similar cytotoxicity (IC 50 , ∼0.1-0.15 µM). Before its ribonuclease activity was found, RC-RNase was originally defined as a sialic acid-binding lectin which agglutinates tumor cells, but not neuramidase-treated tumor cells (13, 17) . Therefore, a specific domain of RC-RNase may be involved in the binding of ribonucleases to cell surface receptors and subsequent internalization into the cell rather than the catalytic active domain.
Onconase, a ribonuclease isolated from the oocytes of the frog R.pipiens, is currently being evaluated in human phase III clinical trials. The possible mechanisms of its antitumor activities are being studied, e.g. entry of ribonuclease through surface receptor binding into cytosol, degradation of specific RNA and induction of apoptosis in tumor cells (12, 31) , and the onconase gene was recently cloned (32) , but the direct receptor/substrate of the ribonuclease and the detailed mechanism of cytotoxicity in tumor cells are still not clear. Preparation of multiple and large quantities of ribonucleases and cloning of these genes in this report will provide a good source for the studies of antitumor mechanisms at molecular and cellular level and for the clinical trial of human tumor therapy, e.g. identification of ribonuclease-binding proteins, ribonuclease entry routes and possible residues involved in cytotoxicity.
These ribonucleases were predominantly found in the oocyte and early embryos of bullfrog rather than in other developmental stages or other organs (24) , but their possible biological functions on bullfrog embryonic development or host defence mechanism are still not clear. Therefore, large-scale preparations of the ribonuclease family from oocyte and preparation of specific antibodies and characterizations of these ribonucleases will help us in examining the biosynthesis and distribution of these ribonucleases during bullfrog development. Cloning of the ribonuclease gene family is a prerequisite to analyze the expression of each ribonuclease gene in frog development or oocyte maturation. Due to the involvement of apoptosis in Xenopus laevis early development (33) and the induction of apoptosis observed in onconase-treated HeLa cells (31) and RC-RNase-treated HeLa cells (unpublished results), it is suggested that these oocytic ribonucleases may play roles in embryonic development through their cytotoxic activities.
In conclusion, we have developed efficient methods to purify large quantities of novel oocyte ribonucleases which have the potential to be therapeutic agents for tumor therapy. We have cloned these ribonuclease genes to help us define the functional and structural relationships of these novel ribonucleases. The findings from these studies will enable us to understand the roles of novel ribonucleases in frog development, to elucidate the molecular mechanisms of their antitumor activities, and to make human-frog chimeric ribonucleases, which have low immunogeneity but possess high antitumor activity, for potential human tumor therapy.
